The aim of this study was to evaluate the effects of two species of poultry (cockerel and Japanese quail), two levels of enzyme (0 and 0.5 g/kg), and 6 processing methods (control (C), gamma irradiation 25 (GI25), and 50 kGy (GI50), autoclaving (AU), fermentation without lactobacillus (F), and fermentation with lactobacillus (FL)) on the nitrogen-corrected apparent metabolizable energy (AMEn) of barley. In this experiment, each processing method was tested at two levels of enzyme (0 and 0.5 g/kg) in six replications with two cockerels or four quails per replication. The results showed that the AMEn values by barley processing methods were: C-11. 45 and 12.27; GI25-11.50 and 11.30; GI50-11.49 and 11.29; AU-11.70 and 11.46; F-12.90 and 12.30; FL-1295 and 12.51 MJ/kg in cockerels and quails, respectively. The AMEn (11.49 MJ/kg) of enzyme 0 was significantly lower than that of enzyme 0.5 (12.35 MJ/kg). There was a significant difference in the AMEn of processed barley between cockerels and quails. In conclusion, the most effective processing method of barley for AMEn is fermentation with lactobacillus and enzyme.
INTRODUCTION
The use of barley in poultry diets is limited because its high content of nonstarch polysaccharides (NSP) results in increased intestinal viscosity, reduced litter quality, and poor productive performance (Gracía et al., 2008) . Most of the adverse effects of barley feeding have been attributed to the content of β-Glucans (Ravindran et al., 2007) , although xylans are also a contributing factor (Gracía et al., 2003) . Several conventional food processing methods, such as germination and soaking (Svihus et al., 1997; Kianfar et al., 2013) , cooking (Urbano et al., 1995) , lactic acid fermentation (Skrede et al., 2003 (Skrede et al., , 2007 Kianfar et al., 2013) , autoclaving (Bedford, 2000) , and gamma irradiation (Skrede et al., 2007) , are known to reduce antinutritional factors effectively and to upgrade the nutritional quality of cereal grains, particularly wheat and barley.
Dietary enzyme supplementation is well established as an efficient approach to reduce the content of soluble fiber and improve nutrient digestibility and performance in poultry and pigs fed high levels of barley (Campbell and Bedford, 1992; Svihus et al., 1997;  C 2017 Poultry Science Association Inc. Received May 6, 2016. Accepted January 5, 2017. 1 Corresponding author: wkkim@uga.edu Yin et al., 2001) . A fast and reliable way to obtain energy value determinations is the AME method (Sibbald, 1986) . Cockerels are common models for evaluating AME values for poultry feed ingredients, and quails are potential models for these measurements. However, extrapolation of this energy value to feeding of quails compared to cockerels is not well established.
Furthermore, few studies have been performed to investigate the comparative nitrogen-corrected apparent metabolizable energy values of processed barley by gamma irradiation, autoclaving, and lactic acid fermentation alone or in combination with exogenous enzymes in cockerels and quails. Therefore, the objective of the present study was to evaluate nitrogen-corrected apparent metabolizable energy (AMEn) values of processed barley by gamma irradiation, autoclaving, fermentation with or without lactobacillus, and enzyme treatment in cockerels and quails.
MATERIALS AND METHODS

Birds and Experimental Design
The care and housing of the cockerels and Japanese quails in the study were conducted in accordance with the guidelines of the Canadian Council on Animal Care (1993). The experiment was conducted in a 2×2×6 factorial completely randomized design, with two species 2194 of poultry (cockerel and Japanese quail), two levels of enzyme (0 and 0.5 g/kg levels), and 6 processing methods (control, gamma irradiation 25 and 50 kGy, autoclaving, and fermentation with/without lactobacillus). Adult male birds of White Leghorn (34 weeks old) and Japanese quail (13 weeks old) were used in the study. Each dietary treatment was replicated 6 times, with two cockerels and four quails per replication in both experiments. The experiments were conducted in a wellventilated open shed with ceiling fans. The birds received artificial light for about 16 h. Cockerels were kept individually in raised wire floor metabolism/layer cages, whereas four quails were placed in each cage. The dimensions of the cages used for rearing cockerels were 45 cm long × 30 cm wide × 46 cm high, whereas the cages for quails were 25 cm long × 21 cm wide × 25 cm high. Each cage was provided with a feeder, a drinker, and a plastic covered tray for collection of feces.
The crude enzyme preparation (referred to as enzyme) was a commercial multi-enzyme complex (Safizym GP 800) supplied by Lesaffre in the SouthWest of France. Multi-enzyme Safizym contained mainly β-glucanase and xylanase activity from Trichoderma reesei. β-glucanase and xylanase activities (Safizym GP 800), as determined by the manufacturer, were endo-1,4-β-glucanase activity 800 units/kg diet; endo-1,3(4)-β-glucanase activity 1,800 units/kg diet, and endo-1,4-β-xylanase activity 2,000 units/kg diet for enzyme. Barley of the Sunnita variety was ground on a hammer mill to pass a 3 mm screen at the Center for Feed Technology in Tehran, Iran.
Twenty-four samples from each wheat processing were used for chemical analyses. Soluble and insoluble non-starch polysaccharides (NSPs) were determined according to a modified method based on AOAC (2005) Barley meal was packed in polyethylene bags. Each bag contained 1 kg of barley meal, and these bags were placed in special boxes for irradiation processing (12 bags for each box). These boxes were subjected at ambient temperature to gamma irradiation from a 60 Co source (NORDION, IR-136, Ottawa, Canada) at the Gamma Irradiation Center, Iranian Nuclear Organization, Yazd, Iran. The applied doses were 25 and 50 kGy as monitored by radio chromic film (Mclaughlin et al., 1985) . The barley meal/water mixture nearly filled 5-1 glass beakers (barley meal/water) and the conditions for the autoclaving (Autoclave Emmer, Møglesyue, Oslo, Norway) were 120
• C for 30 min, followed by 20 min holding in the autoclave without further heating. The final core temperature of the mixtures was 78
• C. Barley meal was ground on a hammer mill with a 3 mm screen. The bacterial strain used for fermentation was isolated from the digestive tract (cecum) of 12 Ross 308 male broilers (21-d-old), under conditions similar to those reported by Taheri et al. (2009) as suitable for growth of microflora dominated by the lactobacillus crispatus strain. The barley meal was mixed with water (40% (w/w)) and fermented with a lactobacillus crispatus strain (Taheri et al., 2009 ) and without lactobacillus crispatus strain at 30
• C. The fermentation mixtures were inoculated with 1 × 10 6 colony forming units (CFU) g −1 and were then kept at 30
• C. After 16 h, the fermented barley meals were spread on a heated floor and air dried at 35 to 40
• C for 7 days. The fermented and dried barley meals were ground through a 3 mm screen before production of the experimental diets (Skrede et al., 2003) . Thereafter, the reference diet and six test diets were formulated (Table 1) for AMEn measurements. The dietary treatments were: 1) barley meal control (C); 2) barley meal gamma irradiation-25 kGy (GI25); 3) barley meal gamma irradiation-50 kGy (GI50); 4) barley meal autoclaved at 120
• C for 30 min (AU); 5) barley meal fermentation without lactobacillus (F); 6) barley meal fermentation with lactobacillus (FL). These processed barley treatments were further treated with/without enzyme. The enzyme was added to the treatments after processing.
Nitrogen-Corrected Apparent Metobalisable Energy (AMEn)
The barley meal samples were mixed with 0.5% titanium oxide (BDH Laboratory Supplies, Poole, UK), which was used as an indigestible marker for 3.5 3.5 3.6 3.5 3.4 3.5 Available phosphorus * AU = autoclaved at 120 • C for 30 min; C = control; F = fermentation without lactobacillus; FL = fermentation with lactobacillus; GI25 = gamma irradiation-25 kGy; GI50 = gamma irradiation-50 kGy.
* * Vitamin and mineral premixes (4.5 g) have : retinol (3.4 mg); cholecalciferol (0.062 mg); tocopherol (55 mg); menadione (6.6 mg); pyridoxine (4.4 mg); riboflavin (17.6 mg); pantothenic acid (18.25 mg); biotin (0.286 mg); thiamine (2.75 mg); niacin (55 mg); cobalamine (0.022 mg); folic acid (2.75 mg); Fe (50 mg); Mn (40 mg); Zn (70 mg); Cu (10 mg); I (0.50 mg); Se (0.20 mg).
determination of the apparent metabolizable energy (Parsaie et al., 2007) . During a 10 d preliminary feeding period, the birds were fed on the reference diet. The birds were given free access to water and experimental diets containing differently processed barley in the experiments. Birds were fed with the experimental barley diets for 4 days, and the feces were collected twice a day at 12-h intervals. The fecal samples from each replicate were pooled and dried in an oven at 65
• C until reaching a constant weight. The dried excreta and feed samples were ground and analyzed for gross energy using a Gallenkamp Ballistic Bomb Calorimeter (Model No. CBA 101 AB 1C, Leicestershire, UK). The concentrations of titanium oxide in the feces and wheat samples were measured (Short et al., 1996) , and the apparent metabolizable energy was calculated (Choct et al., 1995) as follows:
Where Tofd = % titanium oxide/g feed; Tofc = % titanium oxide/g feces; GEfd = gross energy (MJ) /g feed; GEfc = gross energy (MJ) /g feces; Nfd = % nitrogen/g feed; Nfc = % nitrogen/g feces.
Statistical Analysis
Data were analyzed using the PROC GLM of the SAS (2002) for dry matter and energy digestibility in a 2×2×6 factorial design, with two species of poultry (cockerel and Japanese quail), two levels of enzyme (0 and 0.5 kg/ton levels), and 6 processing methods (C, GI25, GI50, AU, F, and FL). The pooled SEM was calculated from the mean square error term generated by three-way ANOVA. For analyzed chemical compositions, one-way ANOVA was used. Means were separated by using Duncan's multiple-range test. All statements of significance were based on a P-value of equal to or less than 0.05.
RESULTS
The chemical compositions of processed barley by different methods are presented in Table 2 . There were significant differences in the mean crude protein, crude fiber, soluble non-starch polysaccharides, insoluble nonstarch polysaccharides, total non-starch polysaccharides, soluble β-Glucan, insoluble β-Glucan, and total β-Glucan of the processed barley (P < 0.05).
The barley processed by the F and FL contained more crude protein than the other treatments (P < 0.05). The crude protein contents in the AU was significantly lower (P < 0.05) than in the F and FL. However, crude protein contents of the AU were significantly higher than those of the C, GI25, and GI50 (P < 0.05). The C, GI25, and GI50 had more crude fiber, soluble non-starch polysaccharides, insoluble non-starch polysaccharides and total non-starch polysaccharides, soluble β-Glucan, insoluble β-Glucan, and total β-Glucan than those of the AU, F, and FL (P < 0.05). However, the soluble non-starch polysaccharides, insoluble non-starch polysaccharides, total non-starch polysaccharides, soluble β-glucan, insoluble β-Glucan, and total β-Glucan of the AU were significantly (P < 0.05) higher than those of the F and FL (Table 2) . Moreover, the soluble non-starch polysaccharides, insoluble non-starch polysaccharides, total nonstarch polysaccharides, and insoluble β-Glucan levels of the F were significantly higher (P < 0.05) than those of the FL (Table 2) . The ether extract, total ash, Ca, and total phosphorus levels of barley by different processing methods did not differ significantly. Effects of barley processing, level of enzyme, and species on AMEn values are presented in Table 3 . The AMEn value of the FL was significantly higher than those of the C, GI25, GI50, AU, and F (P < 0.05). 1 CF = crude fiber; CP = crude protein; EE = ether extract; Iβ-G = insoluble β-Glucan; INSP = insoluble non-starch polysaccharides; P = total phosphorus; Sβ-G = soluble β-Glucan; SNSP = soluble non-starch polysaccharides; Tβ-G = total β-Glucan; TA = total ash; TNSP = total non-starch polysaccharides.
2 AU = autoclaved at 120
• C for 30 min; C = control; F = fermentation without lactobacillus; FL = fermentation with lactobacillus; GI25 = gamma irradiation-25 kGy; GI50 = gamma irradiation-50 kGy.
a-c Means in the same column with different superscripts are significantly different (P < 0.05). • C for 30 min; C = control; F = fermentation without lactobacillus; FL = fermentation with lactobacillus; GI25 = gamma irradiation-25 kGy; GI50 = gamma irradiation-50 kGy.
Values are means of 6 replicate samples of two birds each for cockerel and four birds each for quail.
a-d Means in the same column with different superscripts are significantly different (P < 0.05).
However, the AMEn values of the AU and F were significantly higher (P < 0.05) than those of the C, GI25, and GI50. Moreover, there were significant differences in the mean AMEn values between the AU and F. Enzyme treatment (0.5 g/kg) had significantly higher AMEn values than no enzyme treatment (0 g/kg). AMEn values were significantly (P < 0.05) higher for cockerels than for quails (Table 3) .
The effects of species and barley processing in AMEn values were significant (P < 0.05) ( Table 4 ). The AMEn values of the C, GI25, GI50, and AU were significantly lower (P < 0.05) than those of the F and FL in cockerels. However, the AMEn values of the F were significantly lower (P < 0.05) than those of the FL in quails (Table 4 ). There were no significant differences in AMEn values among the C, GI25, and GI50.
Influence of levels of enzyme on AMEn values of barley processing were significant (P < 0.05) ( Table 4 ). The AMEn values of the FL were significantly higher (P < 0.05) than those of the C, GI25, GI50, AU, and F in both levels of enzyme (Table 4 ). The AMEn values of the F were significantly lower (P < 0.05) than those of the FL in both levels of enzyme. The 0.5 g/kg enzyme treatment improved AMEn values of barley compared to the 0 enzyme treatment (P < 0.05).
DISCUSSION
High concentrations of antinutrients, such as mixedlinked (1 → 3) (1 → 4)-β-Glucans and phytates (myoinositol hexaphosphate) or salts of phytic acid, are problems associated with use of barley in monogastric animals (Skrede et al., 2007) . Thus, the major feed processing methods using heat, pressure, and moisture, such as pelleting, fermentation, expansion, anaerobic pasteurization, and extrusion, increase potential usage of feed ingredients containing high anti-nutrition factors. Many advantages have been claimed for feed processing including increased availability of protein and energy, destruction of antinutritive factors, and hence a wider choice of raw materials that can be employed in formulations (Williams et al., 1997) . In the present study, we demonstrated that the barley processed by FL, F, and AU contained more protein and less crude fiber than the C, GI25, and GI50 processing methods.
Gamma irradiation of barley alone had no significant effects on total contents of β-Glucans, but the soluble fraction significantly decreased. These results agree with those reported by Skrede et al. (2007) . Conversely, Campbell et al. (1986) reported increased β-Glucan solubility following gamma irradiation of barley and oats. In the present study, gamma irradiation and autoclaving were less efficient than fermentation to reduce the concentration of total β-Glucans, and caused a higher ratio of insoluble to soluble β-Glucans. An analysis of several irradiated poultry feed studies indicates that doses of irradiation up to approximately 25 kGy have no effect on growth parameters such as weight gain, 0.0004 * AU = autoclaved at 120 • C for 30 min; C = control; F = fermentation without lactobacillus; FL = fermentation with lactobacillus; GI25 = gamma irradiation-25 kGy; GI50 = gamma irradiation-50 kGy.
Values are means of 6 replicate samples of two birds each for cockerel and four birds each for quail. A,B Means in the same column with different superscripts are significantly different (P < 0.05). w-z Means in the same row with different superscripts are significantly different (P < 0.05).
feed utilization, consumption efficiency, egg production, weight gain, or fertility. However, above 25 kGy, some detrimental effects have been observed, in part because of degradation of vitamins A and D (Gharaghani et al., 2008) . In previous studies irradiation has been shown to improve the nutritional value of rye, oats, and barley, most likely due to irradiation-induced depolymerization of viscous carbohydrates such as β-Glucans. Fermentation of cereals may be an interesting approach to increase utilization of starch, NSP, and possibly other nutrients in poultry. During fermentation of cereal flour, carbohydrate composition is modified as a result of microbial metabolism and to some extent due to activation of inherent enzymes in the cereal (Marklinder and Johansson, 1995; Kianfar et al., 2013) . In barley, which is rich in mixed-linked (1 → 3) (1 → 4)-β-Glucans (Skrede et al., 2007) , lactic acid fermentation can reduce the levels of total β-Glucans by up to 31% depending upon flour types and bacterial strains (Marklinder and Johansson, 1995) . In addition, solubility of β-Glucans decreases during fermentation (Skrede et al., 2002; Kianfar et al., 2013) .
During lactic acid fermentation of barley in the brewing process, a considerable amount of amylases, proteases, phytases, and β-glucanases are produced and activated. Hence the cell wall of the endosperm and β-Glucans are almost entirely broken down, hydroxying starch, protein, and phytic acid and increasing nutrient utilization (Svihus et al., 1997) . Åman et al. (1990) reported decreased solubility of β-Glucans during air-tight storage of wet whole barley (360 g/water kg −1 ), whereas no changes were observed at lower water levels. The effects of fermented barley whole meal flours on AMEn values in cockerels and quails may be partly due to the β-glucanase activity of the selected lactobacillus strain. Several studies have shown that addition of β-glucanase to chicken diets degrades endosperm cell walls, resulting in increased digestibility of nutrients which otherwise may be encapsulated in the cell structures (Bergh et al., 1999) . Increased available energy contents after enzyme addition were also found by Rotter et al. (1990) .
Moreover, the AMEn value of no enzyme treatment (11.49 MJ/kg) was significantly lower than enzyme 0.5 g/kg treatment (12.35 MJ/kg). Dietary enzyme supplementation is well established as an efficient approach to reduce contents of soluble fiber and improve digestibility and performance in poultry and pigs fed high levels of barley (Svihus et al., 1997; Yin et al., 2001) . Lactic acid fermentation of barley and supplementation with exogenous enzymes can improve digestibility through partial degradation of antinutrients capable of inhibiting the activity of digestive enzymes. Base on the results of the present study, the AMEn values of the F and FL were significantly higher than those of the C, GI25, GI50, and AU in cockerels and quails (P < 0.05). Moreover, the FL had significantly higher AMEn compared to the F. This result shows that gamma irradiation, autoclaving, and fermentation without lactobacillus are less effective than fermentation with lactobacillus to reduce the antinutritive values of soluble fiber and to improve metabolizable energy in poultry diets.
The increase in AMEn after enzyme addition or AU is in accordance with results obtained earlier (Skrede et al., 2007) . However, in the experiment, there were significant differences in AMEn values of processed barley between cockerels (12.00 MJ/kg) and quails (11.69 MJ/kg). Concerning justification of the difference between cockerel and quail in the level of barely metabolizable energy, this can be explained by physiological differences between these species. The length of the intestine, especially the magnitude of cecum where high microbial fermentation occurs, greatly influences metabolizable energy levels. Feed intake can be another factor. The amount of feed intake of cockerels is considerably more than that of quails. It has also been reported that the levels of feed metabolizable energy are affected by the length of the intestine and existence of beneficial microorganisms which improve microbial digestion of feed (Muramasu et al., 1987; Cant et al 1996) .
In conclusion, the results of the experiment suggest that the most effective processing method of barley to increase AMEn values is fermentation with lactobacillus and the use of combination of enzyme and processing methods can improve AMEn values compared to processing methods alone. We also need to consider species differences when AMEn values of feed ingredients are evaluated in poultry.
